Assembly and maturation of HIV-1 particles
==========================================

Like all intracellularly replicating pathogens, HIV-1 undergoes extensive interplay with cellular machineries and benefits from interactions with essential cofactors which enable and support HIV-1 replication. Well-known examples include the HIV-1 receptor CD4, chemokine coreceptors CCR5 and CXCR4, the Tat-interacting CyclinT1 that enhances processivity of the RNA polymerase II during LTR-mediated viral transcription and the nuclear mRNA export factor CRM1. On the contrary, eukaryotic cells dispose of a set of antiviral genes, whose expression is often induced or enhanced by type I interferons (IFNs), and whose products can effectively interfere with distinct steps of the HIV-1 replication cycle. The impacts of anti-HIV-1 factors acting early post-entry and during virus release include SAMHD1, APOBEC3G, Mx2 and tetherin, respectively, and are discussed extensively elsewhere.

Following integration of the proviral DNA into the host cell´s chromosome and LTR-driven transcription, newly synthesized viral proteins and the viral genomic RNA are transported to the plasma membrane in a coordinated fashion, followed by particle assembly and egress. The composition of these particles is tightly controlled and requires the proper function of viral structural, enzymatic, and accessory proteins, but also cellular factors. A budded virion is confined by a plasma membrane-derived lipid bilayer containing approximately 7-14 trimers of Envelope glycoproteins \[[@r1], [@r2]\]. Gag, besides constituting the most abundant protein within virions, is essential in recruiting the viral genomic RNAs and other essential proteins, including protease, integrase and reverse transcriptase. Of note, a ribosomal frameshifting mechanism ensures incorporation of these enzymatic proteins which are expressed from a Gag-Pol polyprotein at a low frequency of 5%. Incorporated accessory proteins include Vpr, Vif and Nef. A final, protease-mediated series of Gag and Gag-Pol cleavage and rearrangement events renders immature virions fully infectious, resulting in the virons´ interior typical morphological transition from an electron-dense ring lining the surrounding membrane to a cone-shaped appearance in electron microscopy. These rearrangements furthermore trigger the clustering of the sparse Env trimers on the virus surface, an event that might contribute to virus maturation and infectiousness \[[@r3]\]. Importantly, the right configuration of particles is crucial for assuring a high infectious quality, which is reflected by their ability to efficiently infect new target cells. Prevention of APOBEC3G incorporation by HIV-1 Vif provides a compelling example for the fact that modulation of the (cellular or viral) protein composition of nascent virions can have dramatic (positive or negative) effects on the infectiousness of HIV-1 particles. Alternatively, alteration of the virus membrane fluidity, restriction of the accessibility of the HIV-1 Env glycoprotein to the HIV-1 receptor/coreceptor complex by steric hindrance through an incorporated protein or inhibition of the maturation-induced clustering of HIV-1 Env trimers could represent mechanisms of cellular defense that target particle infectivity. Despite these theoretical possibilities, until recently no antiviral protein was known that directly reduces particle infectivity.

Within the cytokine family of interferons, type I and type III IFNs exert antiviral properties, whereas type II IFNs have been considered more immunomodulatory. Whereas type III IFNs signal *via* a specific type III IFN receptor, which is probably not expressed at high levels on primary HIV-1 target cells *in vivo* \[[@r4]-[@r6]\], type I IFNs robustly induce upregulated expression of antiviral IFN-stimulated genes (ISGs) in cultured primary HIV-1 target cells, including CD4+ T-cells and macrophages. ISGs constitute a large group of several hundred genes, from which only a few of them have been analyzed in-depth for potential antiviral activity. This review highlights recent research that identifies processes safeguarding HIV-1 ´s particle infectivity being highly vulnerable. Particle infectivity is negatively modulated by a diverse set of cellular proteins, comprising ISGs and non-ISGs, each of them with an individual mode of action and different sensitivity to viral counteracting strategies.

90K/LGALS3BP
------------

90K (according to its appearance as a 90 kDa species in SDS-PAGE)/lectin galectin soluble 3 binding protein (LGALS3BP) is a secretory glycoprotein \[[@r7]\]. It was initially identified as a tumor antigen which is upregulated in the context of breast \[[@r8]\] and lung \[[@r9]\] carcinoma. Physiological functions of extracellular 90K comprise modulation of cell migration and adhesion by interaction with multiple cell surface receptors, including galectin-3, and modulation of the activity of immune cells \[[@r10]\]. In healthy individuals, 90K protein reaches concentrations up to the µg/ml range in diverse body fluids. Since it shares mRNA upregulation in CD4+ T-cells of HIV-1 infected individuals \[[@r11]\] and type I IFN-induced expression \[[@r10], [@r12], [@r13]\] with established restriction factors of HIV-1, it was included in a functional screen of candidate ISGs for antiviral activity (Goffinet, unpublished data). 90K acts antiviral against HIV-1 by reducing the particle infectivity of newly produced HIV-1 virions \[[@r14]\]. This defect is accompanied by impaired incorporation of HIV-1 Env glycoproteins into virus particles, probably explaining the reduced infectious quality of *de novo*-synthesized virions, and defective processing of the HIV-1 Env gp160 precursor into the mature proteins gp120 and gp41. Addition of exogenous, soluble 90K to the producer cell culture fails to inhibit particle infectivity, suggesting that 90K exerts its antiviral effect intracellularly and that outside-in signaling of extracellular 90K is dispensable for its antiviral function. Analysis of a set of modified variants of 90K revealed that the two central protein-binding domains BTB-POZ and IVR are required and sufficient for 90K´s antiviral activity, since deletion of the N-terminal scavenger receptor cysteine rich (SRCR)-like domain and the C-terminal domain did not abolish antiviral activity.

The exact mode of action of 90K remains elusive to date. Experimental data argues against a virion incorporation of 90K. Given that 90K and HIV-1 Env share subcellular localization and posttranslational maturation in the secretory pathway, and that 90K interferes with HIV-1 Env incorporation, a model in which 90K targets HIV-1 Env, either *via* direct or indirect interaction, has been favored. However, Co-IP experiments failed so far to provide evidence for a detectable interaction of 90K with HIV-1 Env. Thus, an indirect scenario, in which 90K inhibits the function or expression of a cellular or a viral factor that is required for efficient HIV-1 Env incorporation cannot be excluded. Although 90K expression induces a processing defect of the HIV-1 Env gp160 precursor, resulting in high cell-associated levels of uncleaved polyprotein and only a small fraction of mature gp120 and gp41, it remains unclear whether the processing defect is the direct cause for poor incorporation of mature glycoproteins or whether these two inhibitory actions can be genetically and/or functionally uncoupled. Future work is needed to clarify the exact mode of action of 90K.

In human target cells of HIV-1, 90K protein expression is highly cell-type specific. It is readily detectable in primary monocyte-derived macrophages \[[@r14]\]. Importantly, siRNA-mediated knockdown of 90K facilitates the spread of HIV-1 in cultures of primary macrophages and increases the particle infectivity of newly produced virions, indicating that endogenous expression levels of 90K contribute to the control of HIV-1 spread in this important HIV-1 target cell type. In striking contrast, 90K protein is undetectable in primary CD4+ T-cells and in all analyzed immortalized T-cell lines, even using very sensitive ELISA assays and despite type I IFN-mediated upregulation of 90K mRNA, suggesting that 90K expression is tightly repressed at the post-transcriptional level in T-cells. Given the specific expression of 90K in macrophages within those HIV-1 target cell types that fully support virus replication, prediction of the *in vivo* importance of 90K is difficult. Expression levels of 90K protein in the serum correlate with viral loads, and high 90K expression levels at the viral set-point are predictive of a negative outcome of the infection \[[@r15]-[@r17]\]. Although this seems to contradict a protective role of 90K for the host during HIV-1 infection, a positive correlation of ISG expression and viral loads has been long-appreciated \[[@r11], [@r18], [@r19]\]. This observation raises the possibility that sustained upregulation of type I IFNs during the chronic phase of HIV-1 infection indirectly promotes virus-beneficial effects in addition to the direct antiviral effects of type I IFN-induced ISGs which may be protective during acute HIV-1 infection. In addition, it is important to take into consideration that levels of soluble 90K may not necessarily reflect the level of the cell-associated, antiviral protein fraction. Along this line, potential HIV-1 evasion mechanisms still need to be defined.

Keeping the density of glycoprotein molecules on the virus surface low is a property of some viruses that is particularly pronounced for HIV-1, and is thought to provide a selective advantage during immune evasion \[[@r20]\]. It is unclear whether the drawback of reduction of virion infectivity, induced by 90K-mediated paucity of Env embedded in particles, is outweighed by improved immune escape. More work is warranted to fully understand the impact of 90K on HIV-1 infection.

Interferon induced transmembrane (IFITM) proteins
=================================================

IFITM proteins are small two-pass transmembrane proteins which are located predominantly at the plasma membranes (IFITM1) or at endosomal and lysosomal membranes (IFITM2 and 3). They belong to the CD225/dispanin protein superfamily, which exists throughout the kingdoms, including bacteria, invertebrates and primates \[[@r21]\]. Additional family members, including IFITM5, whose expression is restricted to osteoblasts \[[@r22]\], and 10 additional, recently discovered human *ifitm* genes \[[@r21]\] probably do not contribute to inhibition of HIV-1 infection or haven´t yet been tested for antiviral activity, respectively. IFITM1, 2 and 3 are almost ubiquitously expressed and their expression is further upregulated by type I IFNs \[[@r22], [@r23]\]. IFITM proteins contribute to regulation of early development, cell adhesion, and control of cell growth \[[@r24]\]. Virologists´ interest in IFITM proteins steeply raised upon the first description of their antiviral activity against Influenza A virus and flaviviruses, including West Nile virus and Dengue virus \[[@r22]\], indicating a broad antiviral activity of these small factors. Further targets of IFITM proteins are coronaviruses, Hepatitis C virus, Ebola virus and Vesicular Stomatitis virus (VSV) \[[@r23], [@r25], [@r26]\], as well as bunyaviruses \[[@r27]\] and reoviruses \[[@r28]\]. It appears that expression of IFITM proteins in target cells is sufficient for inhibition of these viruses. Specifically, IFITM1, 2 and 3 interfere with glycoprotein-dependent fusion of the viral and endosomal membrane, preventing the delivery of viral genomes to the cytoplasm and resulting in trapping of virions in endosomes and lysosomal degradation \[[@r22]\]. Strikingly, a minor SNP in human *ifitm3*, rs12252-C, which leads to expression of an N-terminally truncated IFITM3 protein, strongly associates with a poor prognosis during pandemic H1N1/09 Influenza A infection \[[@r29]\]. These findings highlight the important contribution of IFITM3 in defending humans against viral pathogenic infections and establish IFITM3 as a *bona-fide* antiviral factor.

The impact of IFITM proteins on single-round HIV-1 infection has been discussed controversially. Using RNAi, an antiviral activity of IFITM3 was found to be unlikely to exist since no inhibition of cell-free HIV-1 was observed in HeLa CD4 cells which endogenously express IFITM3 \[[@r22]\]. Although IFITM proteins scored positive in a large-scale screen for antiviral activity against HIV-1, the detected antiviral effect must probably be attributed to the VSV-G-mediated entry that was employed by the VSV-G/HIV-1 pseudotypes that lacked authentic HIV-1 Env \[[@r30]\]. Modest consequences of IFITM2 and IFITM3 overexpression and absent antiviral activity of IFITM1 have been reported using a BlaM-Vpr-based HIV-1 fusion assay \[[@r31], [@r32]\], suggesting that fusion of cell-free HIV-1 is only weakly affected. In contrast to the moderate effect of IFITM proteins in single-round HIV-1 infection, stable expression of individual IFITM proteins in a T-cell line effectively impedes viral spread in cell culture using a replication-competent HIV-1 \[[@r31]-[@r35]\], implying more potent effector functions of IFITM proteins in a system in which cell-to-cell transmission predominates. Indeed, findings from two independent groups recently shed some light into a potential mechanism \[[@r35], [@r36]\]. Whereas IFITM2 or 3 expressed on membranes of target cells fail to exert antiviral activity in the context of cell-to-cell transmission, the antiviral capacity is more obvious when IFITM3 is expressed in the infected donor cells that transmit the virus to IFITM-negative target cells. The antiviral effect potentiates when IFITM is expressed on both donor and target cells. Specifically, IFITM proteins are incorporated into membranes of nascent virions and thereby decrease their particle infectivity by impairing fusion \[[@r35], [@r36]\], apparently not at the expense of Env incorporation and also not in an Env-dependent manner \[[@r35], [@r36]\]. The exact mode of action of virus-associated IFITMs, whether virion incorporation of IFITM proteins is governed by specific determinants or occurs randomly, and whether IFITM proteins are incorporated in virus particles of other families, remain yet to be investigated. In the context of other viruses, multiple, partially contradicting models have been debated. It has been suggested that IFITM proteins inhibit the fusogenicity of membranes in which they locate. Specifically, IFITM3 may restrict influenza A virus entry by restricting viral membrane hemifusion \[[@r37]\] or by blocking the formation of fusion pores at a post-hemifusion stage \[[@r38]\]. An alternative hypothesis says that IFITM3 disrupts cholesterol homeostasis, leading to accumulation of cholesterol in intracellular compartments \[[@r39]\]. Alternatively, viral incorporation of IFITM proteins may cause exclusion and inclusion of yet to be defined specific cellular factors with antiviral activity as a consequence. Although evidence for direct viral antagonists of IFITM proteins is lacking, HIV-1 may be able to overcome IFITM-imposed antiviral activity, since evasion mutations in Vpu and Env were reported after passage of HIV-1 in an IFITM1-expressing T-cell line \[[@r33]\].

Nef-mediated Antagonism of Serine Inco-rporator (SERINC) Proteins
=================================================================

Among the accessory genes of primate lentiviruses, Nef displays probably the highest degree of multifunctionality. As evidenced by infections with inactivated *nef* mutations or deletions in rhesus macaques and humans, an intact *nef* gene is required *in vivo* for sustained viremia and development of immunodeficiency \[[@r40]-[@r42]\]. Although Nef does not exert any enzymatic activity, it fulfills a multitude of functions that culminate in alteration of cell signaling and activation by interfering with the cellular vesicular trafficking machinery. Association of Nef with membranes is governed by its myristoylation; it is also incorporated in virus particles. Downregulation of several cell surface receptors, including CD4 and coreceptors, as well as MHC class I and II receptors and modulation of transcriptional activity of infected T-cells are established functions of HIV-1 Nef. Another long-appreciated activity of Nef is the enhancement of HIV-1 particle infectivity. Production of HIV-1 devoid of an intact *nef* gene results in impaired particle infectivity, ranging from 3 to 40-fold reduced titers, depending on the producer cell type, target cell type and viral isolate \[[@r43], [@r44]\]. The most pronounced requirement for Nef is seen in lymphoid cells. Nef-mediated enhancement of particle infectivity requires its expression in the producer cell, is highly conserved within primate lentiviruses \[[@r45]\] and is maintained during disease progression \[[@r46]\]. The fact that Nef is incorporated into virions and cleaved by HIV-1 protease during maturation of particles may support a specific function of virus-incorporated Nef that manifests itself early during the next round of infection. Its membrane association may be sufficient to result in virion packaging, since Nef is also found in orthologous retroviruses when co-expressed in the producer cell. Recently, the mechanism of Nef-mediated infectivity enhancement has been elucidated \[[@r47], [@r48]\]. Using differential mRNA sequencing in different producer cell lines that differ in their requirement for Nef for optimal HIV-1 infectivity \[[@r47]\], and mass spectrometry-based approaches \[[@r48]\], respectively, members of the serine incorporator (SERINC) family were identified as potent cellular inhibitors of retrovirion particle infectivity in the absence of Nef. SERINC proteins are highly conserved, multi-pass transmembrane proteins expressed predominantly at the plasma membrane with poorly elucidated cellular functions besides that they mediate serine incorporation into phosphatidylserine and sphingolipids \[[@r49]\]. SERINC5, which is abundantly expressed in PBMCs, and SERINC3 were reported to inhibit HIV-1 in the absence of Nef in a dose-dependent and synergistic fashion that appears to require SERINC incorporation in the virion. SERINC5 inhibition acts specifically against Env-containing particles, since VSV-G pseudotypes were largely insensitive to SERINC5 \[[@r47], [@r48]\]. Nef was shown to counteract SERINC activity by downregulating it from the cell surface *via* clathrin-dependent endocytosis and sequestering it in endosomes, thus precluding their incorporation into virion particles. Interestingly, the prototypic retrovirus MLV has evolved its own antagonist (Glyco-gag) to counteract SERINC5 \[[@r47], [@r48]\], underlining the importance of this antiviral factor. Interestingly, expression of SERINC3 and SERINC5 are not induced or stimulated by type I interferons, in contrast to the targets of most other viral antagonists \[[@r47]\]. The antiviral activity of SERINC5 appears to be caused predominantly by post-entry defects, since the detectable slight inhibition of virus-cell fusion does probably not fully account for the far more pronounced infectivity decrease imposed by physiological levels of SERINC5 expression \[[@r47], [@r48]\]. Future work is needed to fully understand the antiviral mode of action of SERINC proteins, and to decipher whether other enveloped viruses are prone to SERINC-mediated inhibition, and how exactly Nef counteracts SERINC proteins. Notably, a better understanding of the SERINC-imposed antiviral block to infection and the potential Nef-SERINC interface might be translated into the design of a small antiviral molecule that interrupts Nef-SERINC interaction and allows full-blown SERINC-mediated HIV-1 inhibition.

CONCLUSION
==========

In the past decade, discovery and characterization of antiviral restriction factors has catapulted our understanding on cell-intrinsic immunity. Whereas many antiviral factors were found to target early post-entry steps of the HIV-1 replication cycle, recent findings have uncovered the potential of cellular proteins 90K and members of the IFITM and SERINC protein family to reduce the particle infectivity of HIV-1. They act by modifying the essential particle composition or by incorporating into nascent virions, respectively. Their existence may, at least partially, contribute to the inherently high frequency of uninfectious HIV-1 particles \[[@r50]-[@r52]\]. Extensive investigation is required to fully understand their mode of action and respective virally-encoded antagonistic or evasion strategies, and opens up an exciting new area of research, with potential translation into the design of new antiviral treatment strategies.
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![Particle infectivity is modulated by viral and cellular factors. (**A**) In the course of wild-type HIV-1 infection, HIV-1 Nef downregulates antiviral SERINC5 from the cell surface in a clathrin-dependent manner, thus preventing incorporation of this small transmembrane protein into nascent virions. (**B**) In the absence of HIV-1 Nef expression, SERINC5 incorporates into budding particles, inducing defects at fusion and post-entry following infection of the target cell. (**C**) Cellular 90K expression in the virus-producing cell induces a defect in posttranslational maturation of HIV-1 Env and prevents efficient viral incorporation of cleaved HIV-1 Env, resulting in poor ability of particles to attach and enter new target cells. (**D**) IFITM3 incorporates into HIV-1 virions and prevents fusion with the target cells during cell-to-cell transmission.](CHIVR-14-211_F1){#F1}
